Introduction
Osteoarthritis, the most common form of arthritis, is characterized by the degeneration of cartilage and subchondral bone. Osteoarthritis is a frequent cause of morbidity among the elderly, and its prevalence is expected to increase even further in the coming decades [1] . Due to the enormous public health impact of this disease, significant effort has been directed toward the identification of risk factors for osteoarthritis. Although it was hypothesized as early as the 1960s that joint shape is a key predictor of osteoarthritis [2] , this idea has only recently begun to be further explored.
Early paradigms of osteoarthritis pathogenesis asserted that most osteoarthritis was so-called 'primary' or idiopathic, resulting from chronic mechanical damage to a structurally normal joint. Later, however, it was appreciated that 'secondary' osteoarthritis, or osteoarthritis resulting from an identifiable predisposing factor, is much more common. Among the secondary factors involved in the pathogenesis of osteoarthritis, the architecture of the joint itself is a key feature that may promote or protect from osteoarthritis. It is now known that subtle structural features of bone shape predate the development of osteoarthritis by decades in the vast majority (perhaps up to 90%) of osteoarthritis cases [2, 3] . In this review, we explore the emerging picture of the complex relationship between joint shape and osteoarthritis, focusing on osteoarthritis of the hip as an illustrative example of this relationship.
Osteoarthritis of the hip is common and highly heritable
OA of the hip is extremely common. In the Rotterdam study [4] , a large Dutch cohort of participants over the age of 55, radiographic hip osteoarthritis was present in 15.9% of women and 14.1% of men. In the US, the prevalence of hip osteoarthritis varies. Among elderly US Caucasians, a prevalence of 3-13% has been reported [5] [6] [7] , though in at least one population of Southern Caucasians, a prevalence of over 20% was found [8] . Among African-Americans, osteoarthritis of the hip may be slightly more common than in US Caucasians [8, 9] . Interestingly, for reasons that are not fully understood, the disease is relatively rare among Asians and Africans [10] .
Osteoarthritis of the hip is defined for epidemiologic purposes by the radiographic combination of definite osteophytes and joint space narrowing [11] . There is relatively poor correlation, however, between radiographic hip osteoarthritis and clinical sequelae such as pain and functional limitation [12] . Across studies, only a minority of patients with mild-to-moderate radiographic hip osteoarthritis report symptoms of hip pain [4, 13] . For example, in the cross-sectional Rotterdam study of community dwellers aged at least 55 years, hip pain was present in 16.0% of men and 33.2% of women with radiographic hip osteoarthritis [4] . However, with increasing severity of radiographic hip osteoarthritis, association with joint pain increases. For example, in the most severe category of radiographic hip osteoarthritis, hip pain was present in 31.0% of men and 49.1% of women [4] .
Among the factors that predict the progression of radiographic hip osteoarthritis, joint shape parameters such as baseline femoral neck width and femoral head migration are important in determining osteoarthritis outcomes [6, 14] . It is notable that there is apparently little overlap between architectural features associated with radiographic hip osteoarthritis and those associated with clinical hip osteoarthritis. For example, in a recent study by Waarsing and colleagues [15] using the active shape modeling (ASM) technique to assess proximal femur shape, femur shapes that predicted hip pain were distinct from femur shapes predicting the presence of radiographic hip osteoarthritis.
Human genetic studies have suggested that osteoarthritis of the hip is highly heritable [16] , with a genetic contribution of approximately 60% in women according to classic twin studies after adjustment for known confounders [17] . The genetic contribution to osteoarthritis appears to differ by anatomic site, with osteoarthritis of the hand and hip showing a greater tendency to cluster within families than osteoarthritis of the knee [18] . Genome-wide association studies have identified regions of chromosomes 2, 4, 6, 7, 11, 16, and 19, and the X chromosome as harboring important genes involved in the heritability of osteoarthritis (reviewed in [19] ). At least five distinct biological pathways [20] [21] [22] have been implicated in the pathogenesis of hip osteoarthritis based on these genetic studies, including inflammatory cytokine [23] [24] [25] [26] [27] [28] [29] [30] [31] , bone morphogenetic protein (BMP) [32] [33] [34] , and the Wingless (Wnt) [35] [36] [37] pathways (Table 1 ).
Bone morphogenetic proteins and the Wingless pathway: molecular links between joint shape and osteoarthritis
The Wnt pathway has recently gained attention for its role in both determination of joint shape and development of osteoarthritis. During skeletal development, Wnt proteins are expressed in the limb bud and at sites of synovial joint formation [55] . Alterations in this pathway lead to limb malformations in animal models [56] . In adult life, Wnt signaling continues to play an important role in joint homeostasis. Excessive activation of this pathway is involved in regulating cartilage breakdown and bony sclerosis in osteoarthritis [57] , and singlenucleotide polymorphisms (SNPs) of Wnt pathway proteins are associated with increased susceptibility to osteoarthritis [58] [59] [60] [61] . Antagonists of the Wnt pathway are currently in clinical development for treatment of the sclerotic bony lesions of multiple myeloma [62] and osteoporosis [63] , though their efficacy has not yet been tested in osteoarthritis.
Joint shape and osteoarthritis Baker-LePain and Lane 539 Another important group of molecules involved in both the pathogenesis of osteoarthritis and the determination of joint shape is the BMP family. BMPs and the closely related growth and differentiation factors (GDFs) comprise a large family of proteins nested within the transforming growth factor-b (TGF-b) superfamily (reviewed in [64] ). BMPs signal through the Smad pathway or the mitogen-activated protein (MAP) kinase pathway to elicit bone and cartilage formation during development as well as cell differentiation and tissue homeostasis in adult life [64] . GDF5 is required for proper digit formation in vertebrates [65, 66] , and overexpression of BMP2 and BMP4 dramatically alters joint phenotype in the developing chick limb bud [67] . Polymorphisms of proteins in this family that have been associated with hip osteoarthritis include BMP5 [32, 34, 68] and GDF5 [68, 69] .
Gene-environment interactions in hip osteoarthritis
Animal studies show that skeletal shape is determined by a tightly regulated genetic program during development [70] . In the mature organism, joint shape is maintained through a dynamic process of homeostasis and repair, and changes in joint shape continue to occur throughout adult life [71] . The dynamic regulation of bone shape makes the analysis of a relationship between bone shape and osteoarthritis complex, as changes in joint shape may both predispose to osteoarthritis and occur as a result of osteoarthritis itself.
Several environmental factors have been identified that predispose to hip osteoarthritis. Gelber and colleagues [72] performed a prospective cohort study of 1321 former medical students with a mean baseline age of 22 years with 36 years of follow-up and found that a history of hip injury was associated with a relative risk (RR) of 3.50 for subsequent hip osteoarthritis [95% confidence interval (CI) 0.84-14.69]. Croft and colleagues [73] performed a cross-sectional study of 250 male patients in rural general practice clinics in the UK and found that the occupation of farming was associated with an odds ratio (OR) of 9.3 for development of radiographic hip osteoarthritis (95% CI 1.8-33.8). Vingard and colleagues [74] in a casecontrol study of 233 men with early onset (<age 49) of severe hip osteoarthritis requiring joint replacement and 302 controls found that exposure to sports or other activities with high mechanical load substantially increased the odds of hip osteoarthritis (OR 4.3, 95% CI 1.7-11.0). Interestingly, Nevitt and colleagues [75] evaluated the effect of estrogen use in a cohort of elderly Caucasian women followed for a median of 8.3 years and found that exogenous estrogen use was associated with a decreased risk of osteoarthritis of the hip (OR 0.57, 95% CI 0.40-0.82). Environmental factors may influence the development of osteoarthritis more or less strongly in particular anatomic contexts. For example, one study found an interaction between acetabular shape and workload in the development of radiographic hip osteoarthritis [76] .
Known associations between hip shape and osteoarthritis
Several specific hip shape variations have been associated with osteoarthritis, as discussed below (Fig. 1) .
Developmental dysplasia of the hip
Developmental dysplasia of the hip (DDH) is the most common cause of osteoarthritis in young adults [77] . Congenital subluxation, Legg-Calvé -Perthe's disease, and slipped capital femoral epiphysis are developmental abnormalities that have all been linked with hip osteoarthritis in adulthood [2, 3, 78] . Despite this, the presence of DDH is not always concordant with the development of hip osteoarthritis. In the Japanese, for example, DDH is quite common, yet osteoarthritis is rare [79, 80] . Despite this, a history of congenital dislocation of the hip or acetabular dysplasia is usually present in Japanese who do develop osteoarthritis [77] .
Acetabular dysplasia
Acetabular dysplasia describes a series of anatomic variants in the shape of the acetabular 'cup' of the hip joint. Acetabular dysplasia is quite common in Europeans, with a prevalence of 3.4% in one large Danish series [81] . Interestingly, the European population also has a relatively high prevalence of hip osteoarthritis.
As early as 1965, it was suggested that variants in acetabular shape predispose to osteoarthritis of the hip [2] . Several studies estimate that between 25 and 40% of hip osteoarthritis is attributable to subtle forms of acetabular dysplasia [2, 3, 82] . Acetabular retroversion, in which the acetabular cup is posterolaterally rather than anterolat-540 Osteoarthritis Figure 1 Various femoral head and acetabular shape variants are associated with osteoarthritis Normal Acetabular dysplasia
Pistol grip deformity
For example, a shallow acetabular cup is one type of acetabular dysplasia that is linked to incident osteoarthritis. In addition, a nonspherical, elongaged femoral head is a cause of the so-called 'pistol grip' deformity, which is associated with impingement and early osteoarthritis.
erally oriented, is one example of a type of acetabular dysplasia associated with hip osteoarthritis [83] .
An obvious question in light of this observation is whether changes in acetabular shape occur before or as a result of osteoarthritis. One study shedding light on this question was that of Reijman and colleagues [76] , who studied 835 patients aged 55 years or older at baseline in the Rotterdam cohort for a mean of 6.6 years of follow-up and found that the presence of acetabular dysplasia at baseline was associated with an increased risk of incident hip osteoarthritis. Consistent with the idea that changes in acetabular shape predate the development of arthritis, Lane and colleagues [38] found an association between mild acetabular dysplasia and incident radiographic hip osteoarthritis in postmenopausal women followed for a mean of 8.3 years (OR 2.8, 95% CI 1.0-7.9). These studies suggest that dysplastic acetabular shape is a risk factor that acts together with a second factor, possibly age and or lowgrade inflammation, in the development of osteoarthritis.
Wagner and colleagues [39] performed a case-control study with cartilage specimens obtained from 22 young adults (mean age 30.4 years) undergoing surgery for painful femoroacetabular impingement and six age-matched cadaveric controls. They found that hyaline cartilage from case participants showed dramatically increased immunohistochemical staining for several markers of osteoarthritis [tenascin-C, cartilage oligomeric matrix protein (COMP), and collagenase cleavage product (COL2-3/4C long )] as well as increased expression of collagen type I and II transcripts by in-situ hybridization. These changes mirrored those of patients with advanced osteoarthritis.
This study provides evidence that, even in young adults without radiographic evidence of osteoarthritis, molecular changes in cartilage structure resembling those of advanced osteoarthritis are already underway.
When present with other hip osteoarthritis risk factors, acetabular dysplasia may increase an individual's risk of osteoarthritis even further. For example, the combination of acetabular dysplasia and an abnormally shaped femoral head have been shown to increase the risk of osteoarthritis progression after surgical repair of the acetabular defect [77] . In addition, despite inconsistent evidence linking body mass index (BMI) to osteoarthritis of the hip [40] [41] [42] [43] [44] , Reijman and colleagues [76] found that patients with low BMI had an increased risk of incident hip osteoarthritis in the setting of acetabular dysplasia, though the clinical significance of this observation is not yet known.
Pistol-grip deformity and wide femoral neck
In addition to changes in the acetabulum, structural features of the femur have been linked to osteoarthritis. For example, a nonspherical femoral head produces the so-called 'pistol-grip' deformity, causing impingement of the femoral head on the acetabulum, likely the mechanism by which this lesion predisposes to osteoarthritis [45] . The prevalence of pistol-grip deformity has been estimated at approximately 8% [46] , and this deformity may be more common in men than women [45] . In a study comparing 1007 cases with severe clinical and radiographic hip osteoarthritis recruited from orthopedic surgery lists to 1123 controls without radiographic hip osteoarthritis, Doherty and colleagues [45] estimated an OR of 6.95 (95% CI 4.64-10.41) for the association between pistol grip deformity and hip osteoarthritis.
At least two studies have identified a widened femoral neck as associated with hip osteoarthritis [47, 48] . Javaid and colleagues [47] examined 5245 elderly Caucasian women in the study of osteoporotic fractures (mean age 72.6 years) with mean follow-up of 8.3 years and found that a wider femoral neck was associated with both prevalent and incident cases of radiographic hip osteoarthritis. This study suggests that femoral neck widening may precede or occur very early in the development of hip osteoarthritis.
Alterations in femoral neck-shaft angle
There is no consensus regarding the association of neckshaft angle and the development of hip osteoarthritis, with study reports ranging from no association [47, 49] to a positive correlation between a larger angle [50] , a smaller angle [51] , or both [45] with osteoarthritis. During the progression of hip osteoarthritis, the femoral head flattens and the femoral neck shortens [52] . Thus, the heterogeneity of results in studies examining a potential correlation between neck-shaft angle and osteoarthritis may reflect the fact that this angle may change as a result of osteoarthritis in addition to its likely role in contributing to osteoarthritis. Interestingly, Gregory and colleagues [52] showed in a prospective cohort that distinct differences in shape of the femur preceded development of osteoarthritis. In other words, differences in the shape of the femoral head and neck were present on pelvic radiographs before any detectable evidence of radiographic hip osteoarthritis. Furthermore, differences in hip shape present prior to the development of osteoarthritis predicted progression to hip replacement over the 6-year follow-up period, indicating that hip shape may predict the severity as well as the presence of osteoarthritis [52] .
Global shape of the proximal femur
The hip shape variants discussed above were generally defined using linear measurements measured manually or electronically on radiographs. In recent years, however, the techniques used to study the association between proximal femur shape and hip osteoarthritis have included ASM [53] . In this method, a statistical model of the shape of an object is developed from a multipoint outline [54] . Applied to measurements of proximal femur shape, this method has several advantages over traditional geometric measurements such as femoral neck length or width, as it captures a global representation of shape rather than a limited subset of components of that shape. Using this technique, Lynch and colleagues [84] studied elderly women in the study of osteoporotic fracture population and found that variations in the relative size and shape of the femoral head and neck at baseline predicted incident hip osteoarthritis. Specifically, three distinct hip shapes, or 'modes', were associated with incident hip osteoarthritis with ORs ranging from 1.73 to 2.31. The shape of mode 3, which accounted for the greatest amount of variability in overall proximal femur shape of the three shapes identified, was characterized by a larger femoral head size and a longer, slightly thinner femoral neck, reinforcing the idea that hip shape changes predate the development of radiographic hip osteoarthritis in many cases.
Conclusion
The shape of diarthrodial joints is determined by a complex developmental program and by a dynamic remodeling process in the adult organism. Joint shape appears to be an important determinant of hip osteoarthritis, and joint shape is in turn altered by the disease process of osteoarthritis, leading to an intricate interplay between joint shape and arthritis. Molecular links that shed light on the nature of this interplay have surfaced in recent years. Future research including the development of increasingly sophisticated analysis methods for human genome-wide association studies will likely continue to illuminate mechanisms for this relationship and perhaps will point to methods of disease prevention or treatment.
